AbsTrACT
Objectives to evaluate the prognostic value of the ratio between tricuspid annular plane systolic excursion (taPse)-pulmonary artery systolic pressure (PasP) as a determinant of right ventricular to pulmonary artery (rVPa) coupling in patients undergoing transcatheter aortic valve replacement (taVi). background rV function and pulmonary hypertension (Ph) are both prognostically important in patients receiving taVi. rV-Pa coupling has been shown to be prognostic important in patients with heart failure but not previously evaluated in taVi patients. Methods consecutive patients with severe aortic stenosis who received taVi from July 2011 through January 2016 and with comprehensive baseline echocardiogram were included. all individual echocardiographic images and Doppler data were independently reviewed and blinded to the clinical information and outcomes. cox models quantified the effect of taPse/PasP quartiles on subsequent all-cause mortality while adjusting for confounders. results a total of 457 patients were included with mean age of 82.8±7.2 years, left ventricular ejection fraction (lVeF) 54%±13%, PasP 44±17 mm hg. taPse/ PasP quartiles showed a dose-response relationship with survival. this remained significant (hr for lowest quartile vs highest quartile=2.21, 95% ci 1.07 to 4.57, p=0.03) after adjusting for age, atrial fibrillation, lVeF, stroke volume index, society of thoracic surgeons Predicted risk of Mortality. Conclusion Baseline taPse/PasP ratio is associated with all-cause mortality in taVi patients as it evaluates rV systolic performance at a given degree of afterload. incorporation of right-side unit into the risk stratification may improve optimal selection of patients for taVi.
InTrOduCTIOn
Over the past decade, transcatheter aortic valve replacement (TAVI) has been established as an effective alternative to traditional surgical aortic valve replacement in patients with symptomatic aortic stenosis with high and intermediate surgical risk. Despite the exponential growth of this developing technology, mid-term mortality remains high with studies demonstrating >30% mortality at 2 years in high-risk cohorts. 1 Preoperative risk assessment for patients undergoing TAVI becomes increasingly valuable as this approach has now being expanded into the low-risk patient population. 2 In this regard, right-sided ventricular dysfunction and pulmonary hypertension (PH) have both been shown to have negative prognostic value in patients undergoing TAVI. 3 4 However, most of the studies have evaluated those two components in isolation.
A better approach would be to evaluate the right ventricular to pulmonary artery (RV-PA) coupling, which integrates the RV systolic performance at a given degree of afterload. Until recently, this would require invasive haemodynamics evaluation. However, validation of a non-invasive ratio between tricuspid annular plane systolic excursion (TAPSE)-pulmonary artery systolic pressure (PASP) has been shown to accurately provide similar results, which are prognostically significant in heart failure populations. 5 6 We therefore sought to evaluate the prognostic value of baseline TAPSE/PASP ratio in patients undergoing TAVI and to test whether RV-PA coupling would have a superior prognostic value than either parameter alone.
MeThOds study design
We conducted a retrospective cohort analysis of patients who underwent TAVI at the University of Pittsburgh Medical Center, a large tertiary care centre, between July 2011 and January 2016. Since our purpose was to evaluate the prognostic value of TAPSE/PASP ratio in patients with native severe aortic stenosis (AS) undergoing TAVI, we excluded patients a) whose baseline echocardiogram was incomplete or unavailable for review, b) who had undergone valve-in-valve procedures and c) who had uninterpretable tricuspid regurgitation (TR) jet signal to estimate PASP.
Patients underwent comprehensive clinical evaluation by the designated Heart Team and deemed appropriate to undergo TAVI as suggested by the guidelines. 2 7 Clinical, laboratorial and procedural data were collected. Patients were clinically followed up in our programme at 1, 6, 12 months post-TAVI, and annually thereafter. Primary outcome was all-cause mortality, which was obtained through Valvular heart disease querying the social security death index (using the updated Social Security Administration Death Master file, for which our healthcare system is exempt from the 3-year delay period by the Social Security Administration). The study was approved by the University of Pittsburgh Institutional Review Board Committee with a waiver of individual consent.
study procedures (echocardiogram and TAVI procedure)
All included patients undergoing TAVI evaluation underwent comprehensive transthoracic echocardiogram (TTE) using commercial systems (Philips Medical Systems, Bothell, Washington, USA, Siemens Medical Solution, Malvern, Pennsylvania, USA or General Electric, Milwaukee, Wisconsin, USA). All baseline TTE studies and images were systematically and independently reviewed as per guidelines [8] [9] [10] by a single level III trained cardiologist with 6 years of experience (JLC), who was blinded to the clinical information and outcomes. TAPSE was measured in the apical four-chamber view as the longitudinal systolic excursion of the tricuspid annulus. Three consecutive heart cycles were recorded and averaged for patients in sinus rhythm, whereas five cardiac cycles were averaged for those in atrial fibrillation. PASP was calculated using the maximal tricuspid regurgitant jet velocity obtained from continuous wave Doppler and integrated into the modified Bernoulli equation plus the estimated right atrial pressure (from the inferior vena cava size and variability with respiration). Right atrial pressure was estimated from the inferior vena cava size (normal ≤2.1 cm) and variability with respiration (>50% diameter change with inspiration), according to the guidelines. 8 Lastly, all patients underwent TAVI procedure receiving either balloon-expandable or self-expanding bioprosthesis. Study procedural details are available in online supplemental document.
statistical analysis
Patients were divided into four groups by quartile of TAPSE/ PASP ratio. Continuous variables with symmetric distributions are presented as mean±SD for normally distributed variables and tested using analysis of variance; non-normally distributed variables are presented as median (IQR) and tested with non-parametric Kruskal-Wallis tests. Categorical variables are presented as n (%) and tested using Χ 2 tests. Kaplan-Meier analyses and Cox proportional-hazards regression models were used to assess the relationship between TAPSE/PASP ratio and mortality after TAVI. We report the results for TAPSE/PASP ratio in an unadjusted model as well as a model adjusting for Society of Thoracic Surgeons Predicted Risk of Mortality (STS-PROM), a comprehensive risk prediction score that incorporates over 40 preoperative variables (see online supplemental document), to determine whether TAPSE/PASP ratio remains independently associated with mortality. We do not adjust for variables that are included in the STS-PROM score (such as age, left ventricular ejection fraction (LVEF), mitral regurgitation, tricuspid regurgitation, etc) as the inclusion of STS-PROM takes those factors into account and adding them would result in multicollinearity. We also tested the effects of all other echocardiographic parameters, which are not included in the STS-PROM score; none of them was significantly associated with mortality in a model that already included STS-PROM and TAPSE/PASP, nor was any of them significant confounders of the TAPSE/PASP effect on mortality (ie, none changed the TAPSE/PASP effect size by >10% when included in the model). Continuous net reclassification improvement (NRI) was calculated 11 to compare the relative quality of the prediction models for TAPSE/PASP ratio versus either TAPSE or PASP alone over a 'null' model with STS-PROM alone. The proportional-hazards assumption was tested by looking at time-dependent covariates (time×covariate interaction variables) to determine whether the main effects varied over time. Statistical analyses were performed using SAS V.9.4 (SAS Institute, Cary, North Carolina, USA).
resulTs
Of the identified 505 patients with severe symptomatic AS who underwent TAVI during the study period, 457 patients met the inclusion criteria. Figure 1 displays the study workflow. Baseline demographic characteristics (table 1) included a median age of 84 years (52-97 years), female sex in 222 patients (49%), New York Heart Association functional class III/IV in 444 (97.2%), and Society of Thoracic Surgeons predicted risk of mortality of 7.8% (1.0%-38.0%). This cohort was then divided into quartiles based on TAPSE/PASP ratios. The higher TAPSE/PASP ratio would imply adequate RV-PA coupling with preserved RV function and/or low PASP.
Among the baseline demographic characteristics, patients in the higher TAPSE/PASP quartile had lower STS-PROM score and less commonly undergone coronary artery bypass graft (CABG). The remaining demographics were not different between groups.
Baseline echocardiographic characteristics are shown in table 2. When comparing TAPSE/PASP quartiles, there were statistically significant differences across the groups in such a way that those with lower TAPSE/PASP (worse RV-PA coupling) had more leftsided chamber remodelling, lower LVEF, stroke volume index and more commonly ≥ moderate MR and TR.
All patients received successful TAVI with either balloon-expandable or self-expanding bioprosthesis. Arterial access was via a transfemoral approach in 337 patients (73.6%) and via left subclavian in 94 (20.6%) (see online supplemental table 1). Over a mean follow-up of 23±14 months, there were 103 deaths. TAPSE/PASP either as a continuous variable (HR 0.88 per 0.01 increase, 95% CI 0.80 to 0.97, p=0.010) or as quartiles showed a significant dose-response relationship with survival (figure 2). This remained significant after adjusting for parameters significantly associated with mortality (p<0.05) in the univariate analysis (see online supplemental table 2 and 3). Furthermore, TAPSE/PASP ratio remained associated with mortality after adjustment for many other prognostically relevant parameters in the TAVI literature such as age, atrial fibrillation, LVEF, stroke volume index and comprehensive STS-PROM score (table 3) . Additional sensitivity analysis model (total n=347), removing patients with baseline ≥moderate MR and/or ≥moderate TR, vs null model with STS-PROM=0.20). Lastly, a subset of 27 patients were randomly chosen to study reproducibility of the performed measurements. The intraclass correlation coefficient (ICC) for intraobserver reliability for TAPSE, PASP and TAPSE/ PASP ratio were 0.98, 0.99 and 0.98, respectively. The ICC for interobserver reliability for TAPSE, PASP and TAPSE/PASP ratio were 0.91, 0.90 and 0.92, respectively. Together these findings suggest good reproducibility of those measurements.
dIsCussIOn
In the current study, we evaluated the prognostic value of TAPSE/PASP ratio, as a simple, non-invasive metric assessment of RV-PA coupling in patients who received TAVI. Our findings support that RV-PA coupling is strongly associated with all-cause mortality and its evaluation may provide superior preoperative risk assessment when compared with traditional risk stratification using STS-PROM and/or either measure alone. Baseline pulmonary hypertension is common in patients undergoing TAVI and associated with adverse outcomes. 12 Equally important is the evaluation and quantification of RV systolic function, although results have been controversial with some studies showing association with adverse outcomes, 4 13-15 whereas others have not. 16 17 Since the RV systolic performance is tightly correlated with the afterload, 18 perhaps more important than the quantification of each parameter in isolation, might be the combined evaluation of the RV-PA coupling which integrates the performance of the right-side unit 3 . Until recently, such evaluation would typically require invasive haemodynamics with the analysis of pressure-volume loops. Simon and colleagues have shown that RV-PA coupling can stratify prognosis in patients with pulmonary arterial hypertension 19 using a simple ratio of RV stroke volume/RV end-systolic volume using either gated cardiac computed tomography angiography or cardiac magnetic resonance. Guazzi et al have validated a simple non-invasive approach using the TAPSE/ PASP ratio derived from echocardiography in a large cohort of patients with heart failure and preserved ejection fraction. There was a good correlation with invasive haemodynamics (r=0.69, p0.0001), but more importantly the ratio was shown to be associated with functional capacity and outcomes in these patients. 5 Building on their prior work, we have shown that baseline evaluation of baseline RV-PA coupling using TAPSE/PASP ratio is feasible using echocardiography, provided dedicated imaging of the RV is systematically obtained. Importantly, this ratio is capable to risk stratify patients who received TAVI in a dose-response manner in such way that those with worse uncoupling were found to have the highest mortality. TAPSE/PASP ratio may be equally relevant and applicable to patients undergoing transcatheter mitral valve procedures or open valve surgery but this will need further validation studies.
It is important to highlight that those with worse RV-PA uncoupling also had higher burden of comorbidities such as higher STS-PROM, concomitant ≥moderate valvular regurgitation (mitral, tricuspid), lower LVEF and LV stroke volume index. Despite comprehensive adjustment of those comorbidities, which have been shown to also increase mortality in TAVI, RV-PA coupling remained independently associated with the outcomes.
RV myocardial contractility is intimately correlated with the afterload, and the ability of the RV to increase its contractility in response to increased afterload might be an important determinant of the observed outcomes. Thus, we believe that TAPSE/ PASP evaluation prior to TAVI provides a different and more integrative approach in the understanding of the health of the right-side unit 3 and therefore should be incorporated into the shared decision-making process.
lIMITATIOns
Our study has several limitations. First, although this a large and contemporary cohort of TAVI patients, it represents an observational and retrospective study from a single high-volume tertiary care centre, whose generalisability could be limited. Second, RV systolic function is much more complex than what gets measured by TAPSE. Given the unique geometry and contractility pattern of the RV, three-dimensional echocardiographic would be required, but unfortunately not available for those patients. Nonetheless, societal guidelines recommend use of TAPSE for the quantification of RV function given its association with outcomes, 9 while understanding its limitations in patients post-sternotomy. 16 Third, accuracy of Doppler estimation of PASP in this group of patients, in comparison to gold-standard right-heart catheterisation, is not optimal as previously demonstrated by our group. 12 Nonetheless, TTE still used as the screening method for evaluation of pulmonary hypertension. Fourth, the clinical implications of RV-PA coupling into other important post-TAVI metrics such as quality of life, functional capacity and hospital readmissions will need to be equally evaluated in future studies. Fifth, our group has recently demonstrated that baseline pulmonary hypertension severity and its short-term changes after TAVI are equally associated with all-cause mortality. 20 So whether changes in TAPSE/PASP ratio after TAVI would be equally associated with all-cause mortality, and whether evaluation of TAPSE/PASP reserve by dobutamine or exercise may improve the clinical prediction of outcomes, will require future studies. Lastly, while it is possible that cause of death may be related to factors other than pulmonary hypertension and RV dysfunction, we believe cardiac causes are likely in our cohort based on the limited documentation available describing circumstances of death. Adjudication for the cause of death is challenging, controversial and biased on available reporting and documentation, whereas allcause mortality is objective and inherently relevant. 21 Furthermore, there appears to be a relationship between our proposed TAPSE/ PASP ratio and all-cause mortality in this cohort despite adjusting for other known risk factors for this population such as age, atrial fibrillation, LVEF, stroke volume index and STS-PROM.
COnClusIOns
Evaluation of the right-side unit using the integrated, non-invasive TAPSE/PASP ratio allows for quantification of the RV-PA coupling, which is strongly associated with post-TAVI survival. Based on our data, we believe that quantitative assessment of RV-PA coupling should be included in the risk stratification of patients being considered for TAVI as it may identify those who are at increased risk, with superior risk classification than traditional STS-PROM or either parameter alone. Our findings would require confirmation and validation by other groups. In addition, whether changes of RV-PA coupling after TAVI would translate into improved outcomes will need to be tested prospectively.
Key questions
What is already known on this subject? ► Right ventricular (RV) function and pulmonary hypertension (PH) are both prognostically important in patients receiving transcatheter aortic valve replacement (TAVI).
What might this study add?
► Non-invasive RV to pulmonary artery coupling is strongly associated with all-cause mortality in patients who received TAVI, and provides better risk stratification than either RV function or PH severity alone.
how might this impact on clinical practice? ► Incorporation of right-side unit into the risk stratification provides a strategy that may further improve selection of patients for TAVI.
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